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ABSTRACT

Characterization of rhBMP-2 Induced Heterotopic Bone subjected to Distraction
Osteogenesis

Anne J. Yoon

Master of Science, Advanced Education Program in Orthodontics and Dentofacial
Orthopedics
Loma Linda University, July 2008

Dr. Paul McMillan, Chairperson

The purpose ofthis study was to characterize and analyze the heterotopic bone
regenerate which formed following implantation of recombinant human bone

morphogenetic protein-2(rhBMP-2)and to determine by epi-illumination, x-ray
photometry and histology, if there is increased and sustained osteogenic potential present
with distraction osteogenesis of this heterotopic bone. While many previous studies have
documented the osteogenic potential of BMP-2, no study to date has shown the results of
application offorce on this ectopic bone. Our study included three control rats(nonexpansion) and six experimental rats (expansion). Ofthe control rats, #76(a pilot study
rat) had already been processed by the previous investigator for histology and was not
available for the quantitative analysis.

For our study epi-illumination analysis and plain radiography was completed prior
to histological processing. Digital photos ofeach sample were taken and color-mapped
using Adobe Illustrator CS software to mark the presence of bone (pink) and the metal
cage struts (green). These were then analyzed using Image J 1.40g NIH free software
program. Histology was then completed using standard H&E. Micro-CT images taken

for this study were used solely for visualization and orientation and not for any analysis
purposes. The Wileoxon-Mann-Whitney rank sum test was used at the significance level
of a=0.05 and no statistically significant differences were found between the groups due
to the small sample size (n=2). While the results ofthis study from a quantitative
standpoint were not significant due to the fact that the sample size was reduced from
experimental complications, our study demonstrates the potential for increased and

sustained osteogenesis in subjects undergoing induced ectopie distraction osteogenesis.
Through epi-illumination and plain radiography we were able to show that the

underlying muscle provided an added stimulus for osteogenesis as the majority of the
novel bone growth was along the periphery of the cage adjacent to the muscle regardless
of whether expansion occurred. However the samples undergoing distraction also had
moderate amounts of osteogenesis in the center(between the distraction cages)though
this bone was not as dense as the peripherally formed bone. Histology revealed that
while the majority ofthe hone was formed via the intramembranous pathway while
endochondral and/or transehondroid bone formation (as proposed in previous studies)
was also identified in a few ofthe samples in localized areas. In addition the much of the

bone was immature woven bone in irregular trabeeulae interspersed with dense cellular
fibrovascular connective tissue, with areas of more mature bone and marrow cavities at

the peripheries. Follow-up studies should include: increased time periods prior to cage
removal, a modified cage design with increased surface area adjacent to the muscle, a

different cage material to circumvent the difficulties encountered during both the MieroCT visualization and histological processing and an increased sample size.

CHAPTER ONE
INTRODUCTION

Bone morphogenetic proteins(BMPs)are growth factors, secreted by cells, which
act on the appropriate target cell or cells to carry out a specific action. In 1988, Wozney
et al. identified the genetic sequence of BMPs, which led to the identification of its
various isoforms. This genetic information has enabled us to produce various BMPs

using recombinant gene technology.' BMPs are multifactorial growth factors belonging
to the transforming growth factor-beta superfamily. Approximately 20 different BMP

proteins have been identified and characterized. Difficulties in producing and purifying
BMPs from hone tissue have prompted the laboratories to express these proteins in the

recombinant form in heterologous systems.^
For the purposes ofthis study recombinant human BMP-2 (rhBMP-2) was used
to induce ectopic ossification. In previous studies, it was found that rhBMP-2 ranks
among the most potent ofthe 15 known BMPs in promoting the formation and

remodeling of bone.^ RhBMP-2 is known to act locally on the mesenchymal cells and
induce their differentiation into bone or cartilage forming cells thus making possible the

induction of bone via an endochondral or intramembranous pathway. In a study by
Stoeger et al. technological advances in genetics were incorporated to test rhBMP-2 in
examining the specific molecular mechanism of ectopic bone development. They found
parallels in the molecular mechanisms controlling these processes in the intrinsic

embryonic system and the BMP-2 induced system of osteogenesis.^ This study offers
further insight into the molecular pathways underlying inductive osteogenesis and
provides support for the previous observations that BMP-2 simultaneously induced
eetopic bone formation by both endochondral and intramembranous modes of ossification
at different sites of the implant.

As evidenced in previous studies as well as in our study, intramembranous

ossification was the primary mode of ossifieation, while focal areas of chondrocytes and
evidence of the endochondral ossification pathway were seen in a few rats in localized
areas. The discovery that BMPs were growth and differentiation factors capable of

indueing both eetopic bone formation and aecelerated bone repair sparked widespread

interest in their vast potential therapeutic applications including fracture healing, implant
osteointegration, the treatment of osteoporosis and a wide variety of applications in the
treatment of craniofacial abnormalities and adjunctive orthodontic treatment.
Growth factor delivery has been extremely successful in many bone formation

models and holds much therapeutic potential in the treatment of a variety of bone

deficiency cases. BMP-2, -4, and -7 have demonstrated the greatest in-vivo osteogenic
potential with success spanning across many animal models and in a variety of locations.
However development of clinical applications from these studies has been limited due to

questions regarding optimal dosage, timing and associated variables such as recombinant

BMP technology, scaffold delivery, and pharmacokinetics."^ Other growth factors,
including TGF-p, PDGF, and FGF-2 have shown potential for use in bone regeneration

and repair, but have not yet successfully transitioned into clinical studies.^ BMPs are
unique in their ability to induce bone, cartilage, ligament, and tendon formation at both

orthotopic and heterotopic sites. Several studies have illustrated the potential of bone
morphogenic proteins to enhance spinal fusion, repair critical-size defects and accelerate

the union and healing of articular cartilage. BMP-2 plays a role in all stages of healing of

fractures by causing the proliferation and differentiation of osteoprogenitor cells.^ It is
also relevant to point out that BMP-2 and BMP-7 have received FDA approval for human
clinical use and have entered the market on a global level.
In addition to the importance of the selection of the appropriate growth factor to

facilitate and accelerate stable bone formation it is equally important to have a good
understanding of the interaction of BMPs with the host environment on a molecular and

biochemical level. Many variables must be considered for successful treatment such as

the specific anatomic location where the treatment is needed, the vitality ofthe soft-tissue
envelope, and the mechanical strain environment provided by the fixation or
reconstructive system.

Several basic conditions that must be considered when selecting an appropriate

carrier or delivery system include:(1)the ability ofthe system to deliver the growth
factor at the appropriate time and in the proper dose,(2)the presence of a substratum that
will enhance cell recruitment attachment and potentiate chemotaxis,(3)the presence of a
void space to allow for cell migration and to promote angiogenesis, and (4)the ability of

the delivery system to biodegrade without generating an immune or inflammatory
response and without producing toxic waste products that would inhibit the repair
process. While there are a number of carrier and delivery systems(including type-I

collagen,synthetic polymers, hyaluronic acid gels, and bone-graft substitutes) that have
been used to deliver recombinant proteins, an optimal carrier system with clinical

applications has yet to be developed/
In a study by Vogelin et al. in 2000, ectopic vs. orthotopic bone formation was
compared using a rat model. This model eonsisting of osteoinductive rhBMP-2 and a
polylaetie acid matrix(OPLA/HY)associated with a vascularized periosteal flap with
osteoprogenitor eells, was used to induce the formation of vascularized bone. The

authors stated that four factors are needed for optimal bone formation: BMP,a

biodegradable matrix, osteoprogenitor cells, and adequate vascularization.^ With the
knowledge of how to optimize osteogenesis and the integration of the factors involved in
osteoregeneration, we will be better able to develop improved therapeutic modalities

aimed towards the enhanced and rapid reconstruetion of a bony defect or nonunion.
It has been shown in previous studies that forces (tension or pressure) are

required to maintain bone. Distraetion osteogenesis(DO)is a model of controlled trauma
or fracture that induces osteogenesis as parts of the fractured bone are separated small
distances. For suecessful treatment, the expanded tissue must be stabilized by the
induction of new bone formation within the expanded area. While many studies have
been done to demonstrate the formation of ectopic bone due to the osteoinductive

properties of BMP-2 in a rat model, a study has yet to show the effects offorces placed
on this ectopic bone. The ability ofectopic bone to remodel and continue to regenerate

under the forces of expansion eould lead to a clinical application ofthis technology. This
would enable us to create the desired size and shape of bone without the need for a graft
and thus decrease the probability of rejection of an allograft, and would reduce if not
eliminate the need for an autograft, which would decrease morbidity.

The purpose ofthis study was to observe, compare and characterize the

heterotopic bone formed following the administration of2 ml of.3 mg/ml ofrhBMP-2
(to a collagen matrix within a titanium cage sutured to the spinotrapezius muscle for
stabilization) formed in rats with and without distraction. In addition, we wanted to

compare the resulting relative total bone volumes and bone volume fractions(BVF). As
the two experimental groups had different final total cage volumes due to the different
designs of the distraction vs. non-distraction cages as well as the increase in size ofthe
distraction specimens after expansion, we chose to analyze the bone volume fraction
rather than the total bone present.

In our study, light microscopy/epi-illumination, plain radiography and histology
were used to examine the specific site of bone growth and to quantify bone volume.
Histology has been long regarded as the gold standard and allows accurate examination

and characterization of both immature as well as fully developed bone. An initial intent

of our study was to use of Micro-CT to characterize and quantify osteogenesis. However
as the novel bone growth was predominantly around the periphery ofthe titanium cage
and between the metal struts, it was difficult to accurately visualize and analyze this bone
due to the scatter effects from the presence of titanium. Micro-CT is unable to detect
osteoid due to its low mineral content or bone in close contact with the titanium due to

scatter. However, Micro-CT has been shown to allow more accurate and reproducible

positioning of specimen for single and multi-sample scans while producing highresolution images in substantially less time, in comparison to the "conventional method."
Without the interference from the titanium cages in our study, the longitudinal images
created by micro-CT could be a useful adjunct to data gathered through classic bone

histology. In a future follow-up study, it would be advantageous to construct a distraction
device without titanium, which would allow the non-destructive analysis ofthe novel
bone in three dimensions, using Micro-CT as the primary tool for visualization and
analysis.

CHAPTER TWO
MATERIALS AND METHODS

Pilot Study Synopsis

The purpose ofthe previous study was to develop an the experimental protocol
and surgical technique and to make preliminary observations on the effect of distraction

osteogenesis on ectopieally formed bone. A titanium cage was implanted subcutaneously
in the back of a rat with the anterior corners sutured to the spinotrapezius muscle for
stabilization. The titanium cage containing 2 ml rhBMP-2 at a concentration of

0.3mg/ml, in a collagen carrier was allowed to form bone for 4 different periods oftime
(Table 1). The control rats received no distraction osteogenesis(DO), while in the
experimental rats the bone formed was cut with a #15 blade across the center on day 14.
It was then allowed to "heal" for 1 day, after which expansion began at a rate of2/3 mm
per day for 7 days. A minimum 7-day latency period followed expansion before removal
and examination ofthe expanded hone. The previous investigator noted that the bone

continued to form beyond 21 days in both types of cages(DO and non-DO).^
The pilot study consisted of 3 rats however only one of these rats #76(non-

expansion) received the 2 ml .3 mg/ml rhBMP-2 similar to the other experimental rats
used in the subsequent study and tissue from this animal was therefore included in our
qualitative histological analysis. We were unable to include rat 76 as a control rat in our

quantitative analysis as the sample had been already processed by the previous

investigator and thus was not available to us. Based on the notes of the previous

investigator, there were 6 documented expansion rats and 5 documented non-expansion
rats included. Among these rats 2 of the specimens could not be found and were not

available for analysis. Thus we had only 2 non-expansion rats in our control group.
In addition, the previous investigator conducted the rat surgeries and distraction in
three different sets. The primary difference between sets being variation in the length of
time the cage was allowed to remain in the animal prior to removal. This was based on
the previous investigator's decision to retain the cage longer toward the end of the study.
The length of time before cage removal was 21 days for set 1 (pilot study), 26-28 days for
set 2, and 35-49 days for set 3(Table 1).

Tissue Processing

Tissue processing was completed by the previous investigator. Both distraction
and non-distraction cages were introduced into the rat so that the long axis of the cage

was parallel to the spine of the rat. ® Each extracted cage was cut using a diamond saw at
the Loma Linda School of Dentistry. All cuts were made longitudinal and sagittal
through the center ofthe cage to give a central slice and two side slices. The orientation
of these slices within the rat can be better visualized on the following Micro-CT images
(Fig. 1,2).

Table 1. Overview of expenmental protocol (for non-expansion & expansion rats). The
total dose was obtained by multiplying the concentration of rhBMP-2(0.3 mg/ml)to the
total volume used.
Rat ID:

80 (set 3)

Expansion (E)/
Non-Expansion
(N)

N

Weight
(grams)

Total

Time before

Surgical

Dose

Cage removal

Notes, Misc.

49 days

- 2 extra

rhBMP-2

450

0.6 mg

interrupted
sutures placed to
elose gaps from
initial closure.

647(set 2)

N

415

0.6 mg

26 days

- 2 layer closure
needed. Minor

seroma noted

78B (set
3)

E

355

0.6 mg

35 days

-cage removal
due to dehiscing
wound and
distractor

showing through
skin.
-2 extra

interrupted
sutures placed to
close gaps

79 (set 3)
642(set 2)

E

375

E

350

0.6 mg
0.6 mg

49 days
28 days

-Noted small
abscess in

anterior opening
only. Granulation
tissue with bony
spicules.

643(set 2)

E

370

0.6 mg

26 days

- rat had shallotv

breathing prior to
closure; survival
with

administered 02

645(set 2)

E

335

<0.6 mg *

28 days

- callus uncut

prior to
expansion
*rhBMP-2

solution may
have been lower
as leftover fluid

after soaking 642
was used to soak
sponge.

649(set 2)
78A (set
1)

E

350

E

N/A

E||S|^S||||H

26 days
21 days

Died early from
tetracycline OD

%J
m

Fig 1. Micro-CT image of non-expansion rat(647). The opening ofthe cage through
which collagen sponges were placed within (arrow) is also useful for purposes of
orientation ofthe cage vs. muscle, and localization of bone formation. Top row: 3-d
view, sagittal cuts(red line) made along long-axis of rat. Bottom row. 2-d view.
Opening of non-expansion cage visible (arrow).

-t

iW^'

ife:

V

r-n

i »♦

-<-r::x

*"M<.»'»11~. ''t-^

Fig 2. Micro-CT image of expansion rat (643). Top row (3-D view): The image shows

the sagittal cut (red line) made along long-axis of rat and the screw turned for distraction
(yellow arrow). Also visible are the circular outlines of part of the expander unit used to
attach to distraction screw to each cage (red arrows), which was oriented on the far wall
of the cage (adjacent to the muscle) opposing the parallel bars of the distraction screw
itself. This detail was helpful for orientation purposes when epi-illumination &
radiography analysis of the bone was done. Bottom row (2-d view): bilateral screws on
expansion cage visible in micro-CT image (yellow arrows).
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The central slice had a thickness of approximately 2-3 mm. For the purposes of
our paper the two surfaces of each center slice will be referred to as sides A and B. The

cut sides of the adjoining side slices will be referred to as sides 1 and 2. Thus we had a

total of three slices for each sample and a total of four surfaces for analysis.

Plain Radiography

Digital radiographs were taken for each sample at the Loma Linda University
Graduate Orthodontics Clinic using a Keystone X-ray Machine at a setting of 82 KVp, 10
mA and 0.10 sec. exposure time, 125 mm from tube to film. The primary purpose for
this step was to obtain an overall view of what bone was present in each sample before
making the decision on what type of histological analysis would be indicated. The center

slice of each cage as well as the adjacent halves of each sample was radiographed.
Initial attempts to calibrate the radiographs using an aluminum step wedge and
subsequently a section of tibia bone were not successful as there was insufficient bone

density present. We were unable to obtain increased contrast of the images even with
adjusted KVp/mA settings. As meaningful quantitative data were difficult to collect at

the low densities of bone present, the decision was made to analyze the samples using
direct gross observation and light microscopy/epi-illumination.

Digital Photography & Light Microscopy/Epi-IHumination
Epi-illumination was done for each sample to localize the bone and to determine

our histologic protocol. Each sample was digitally photographed at Dr. Paul McMillan's

office at Loma Linda University using: a 4MP digital camera and Zarbeco image capture
software. The images were opened using Illustrator software and "color-mapped" to
indicate areas that bone was evident upon probing. Each sample was placed in a Petri
dish and immersed in water under a dissecting microscope for visualization. The sample
was stabilized with forceps and a needle probe was used to check the sample for bone.
Areas where bone was evident were marked in pink using Illustrator paint function on the

digital image ofthe sample. Only areas demonstrating surface hardness palpable by
probing were marked as bone. In some samples, small peripheral nodules of bone that

weren't adherent to the collagen mesh or cage came loose from the sample thus creating a
possible small distortion in the final analysis of calcified tissue. To complete the area
analysis for bone volume fraction(BVF), any areas within the sample where metal struts
or parts of the cage were present were blocked off in green for a more accurate
representation of the total tissue area. These Images were then exported as jpg files and
analyzed for bone fraction ratio using J Image, a free imaging software from the National
Institute of Health website. Using J Image, the bone area(pink) was divided by: the total
area of the sample minus the area of metal struts (green), to give the bone volume

fraction ofthe sample(Area Bone/(Total Area- Area Metal Struts)). This process was
completed for each side of the center slice, then each adjoining surface ofthe two sides.

Thus there were 4 sets of data for each sample. A high correlation coefficient of.96 was
obtained between the data sets for the side vs. center slices (Fig. 3).

BVF center: BVF side

20

30

Center slice

Fig 3. High correlation between the BVF of center slice vs. adjacent
side slices. The one outlier is 78B which was not a cohesive

sample: the bone and tissue fragments had to be collected from the
vial and pieced together for analysis (Figure 14).

Histology

Histological specimen preparation was completed by John Hough assisted by
Anne Yoon, at the Loma Linda University Histotechnique Laboratory in Shryock Hall.
The histological analysis was done on the center slice of each sample. The cut was made
lengthwise with the blade parallel to the cut surface of the slice (along the longitudinal

axis of the cage). A ribbon was done for the center slice at 6 slides for each center sliee.
These tissues were prepared for standard Hematoxylin and Eosin(H&E)as follows:
The histological processing was complicated by the presence of the titanium struts, which
were often intertwined with the novel bone. To manage this problem, the samples were
first decalcification was done with 15% neutral buffered EDTA for histological

processing. Then the samples were soaked overnight in 50% alcohol and in the morning
transferred to 100% alcohol. This was done to increase tissue hardness and prevent
excessive tearing of the tissue during the process of removing the titanium struts for

processing. The metal struts were manually poked out by compressing the surrounding
tissue with forceps and removing each strut with a needle probe once the tissue was

loosened. Once the struts were loose on all ends of the sample,the segments of the cage
were carefully pulled out, gently cutting any extraneous tissue from the cage using a
cleoid-discoid instrument. The specimens were placed in silk bags to maintain the
integrity of the slices. The tissue was found to be closely adherent to the eage and the

struts became particularly difficult to remove when found in larger cohesive pieces,
complicating removal of the metal for histology. Another complication that occurred
during histological processing was that titanium filings remaining in a few of the samples
caused tissue tearing. However this was rare enough that histological analysis of each
specimen was still adequate. Finally, the samples set in paraffin wax and cut into 5 pm
thick sections for H&E staining.

For the H&E stains the 5 pm thick sections were mounted on slides. A poly-L

lysine coating was done on the slides to promote adherence of the tissue. A 100% xylene
rinse was done for 2-5 min each x2 to remove the paraffin. To re-hydrate the tissue a
graded alcohol rinse was then be done to 70%,followed by a distilled water rinse(deionized water is used, as dyes are aqueous stains and paraffin embedded tissue is non-

hydrated, so this step was done to make the specimen compatible with the stains).
Hematoxylin was then used to stain the slides for 10-15 minutes, followed by a distilled
water rinse. Acid alcohol was then used to dip the slides for 5-6x each. Tap water rinses

were done for 10-15 minutes to blue the hematoxylin stain. Eosin was then used to stain

the slides for 2 minutes each. After we completed dehydration on the samples, they were
then mounted with non-aqueous mounting medium for light microscopy.

Statistical Analysis

Statistical analysis was performed by Dr. Jay Kim at Loma Linda University. The
Wilcoxon-Mann-Whitney rank sum test was used at the significance level of alpha= 0.05.

CHAPTER THREE
RESULTS

Statistical Analysis

Using the Wilcoxon-Mann-Whitney rank sum test at the significance level of
alpha = 0.05, no statistically significant differences were found between the data sets
(bone volume fraction data). There may actually be a significant difference between the
distraction vs. non-distraction sets, however due to a small sample size of n= 2 we are
unable to confirm any statistically significant differences between the two groups.

Light Microscopy/Epi-Illumination & Plain Radiography

The diagrams (Figs. 6-14)resulting from epi-illumination analysis reflect the
presence of novel bone in pink and the metal struts or negative spaces in green. As
evidenced in these figures, regardless of the presence of distraction, the bulk ofthe bone
was formed around the periphery ofthe cages and around the metal struts rather than in
between the distraction apparatus as previously speculated. However, we observed a

fair amount of novel bone growth in the center between the distraction cages for two of
the rats undergoing distraction osteogenesis(643 and 645). We observed variation in the
pattern of bone formation based on the design ofthe cage. The expansion cage design
consisted of open metal struts, which allowed more accessibility from the surrounding
environment into the enclosed collagen matrix. It can be speculated that this allowed
improved cellular & vascular infiltration into the cage thus possibly encouraging more

bone growth within the cage as well as surrounding the metal struts. In contrast the non-

distraction cage had a more closed-off design, with circular perforations in the titanium
cage (rather than metal struts) enclosing the collagen matrix (Fig. 4).

//
■ kr

Fig 4. Comparison of cage design between expansion (left) and non-expansion (right)
cages. Note the variable pattern of bone formation within and around the cages. It is
important to note that the expansion sample (left) also had the added stimulation from
distraction thus encouraging further bone growth in the center.

The data from epi-illumination analysis resulted in the following values for bone
volume fraction(BVF)(Table 2,3). By obtaining a value for the BVF we were able to
remove the variahility that existed in the size of the cages between the distraction and

non-distraction samples (Fig. 4). While we could not draw any conclusions from these
data due to our small sample size, it is interesting to note the variahility in BVF for the
given samples(Table 2).

Table 2. Expansion BVF data. BVFE-A,B(Bone Volume Fractions on the center
slice: sides A, B) compared with BVFE-1,2(Bone Volume Fractions on the adjoining
slices: sides 1, 2).
Sample ID

BVFE-A

BVFE-B

BVFE-1

BVFE-2

(Expansion)

Table 3. Non-Expansion BVF Data: BVFN-A,B(Bone Volume Fraction on the center
slice: sides A,B)BVFN-1,2(Bone Volume Fraction on the adjoining slices: sides 1, 2)
Sample ID (Non-

BVFN-A

BVFN-B

BVFN-1

BVFN-2

expansion)

The nominal cage volumes for the non-distraction and distraction cages at the end

of the experiment were 2000 mm^ and 2500 mm^ respectively. It is relevant to note that
while the initial volumes for the distraction and non-distraction samples were not

identical, they were similar. In addition upon completion of the distraction protocol, the
final volume of the expansion samples was increased by a factor of 1.25 of the initial

volume. Thus we determined the relative total volumes of the samples by multiplying the
BVF for the non-expansion samples by 1, and by multiplying the BVF for the expansion
samples by 1.25 (Table 4).

•OfStraetOR
•NothSis^ik^oa

Fig 5. Average BVF vs. time. All expansion rats underwent the same
duration and rate of distraction osteogenesis however the cages were left for
a variable number of days prior to removal (refer to Table 1). It is not
possible to draw conclusions based on such a small sample set, and the wide
variation in the data. We can however speculate on some of the possible
reasons. (Please see discussion)

Table 4. Average BVF and total relative bone volume vs. time. E = Expansion, NE =
Non-expansion.
RatID#

Days prior to cage

Average BVF

removal

Total Relative

Bone Volume

78B(NE)

79(E)
643(E)

645(E)
649(E)
80(NE)

49

1.77

1.77

647(NE)

26

16.40

16.40

Histology

Micrographs of the H&E sections from the center slice are presented here
adjacent to the images obtained by epi-illumination and plain radiography. Presented

here are first descriptive overviews of the histological findings for each sample (nonexpansion and then expansion),followed by images obtained from histologic analysis.
Detailed observations and characterization of the bone, surrounding tissue and cells for
each sample are in the legends for Figures 6-14. (Please refer to Chart 1 for background
information on each rat as needed.)

Histology Overview: Non-Expansion
Sample 76: Many areas of bone formation were seen throughout. The bone was
more regular in pattern and found in large concentrated areas rather than in isolated
nodules and scattered irregular trabeculae. Areas of active bone formation were seen
throughout, interspersed with very loose areolar CT and fibrovascular matrix (Fig. 6).

Sample 80: An inactive expansion cage was used for rat 80 as there was a
shortage of non-expansion cages. Typical view for this sample consisted of loose CT

with only a few small isolated areas of bone formation found at the periphery. The tissue
was very cellular and vascular (Fig. 7).

Sample 647: The bulk of bone was formed around the perimeter. We observed
regular parallel patterns of bone formation interspersed by marrow eavities containing
much adipose tissue. There was not mueh bone evident within the eage (Fig. 8).

Histology Overview: Expansion
Sample 78 A:(As this rat received 2 ml .1 mg/ml rhBMP-2 instead of our

standard dose of 2 ml .3 mg/ml, it was not included in our experimental group and is
included here for observation only) Rat 78A died early from tetracycline overdose. Many
areas had dense RBC infiltrate, possibly due to the invasive nature of cage removal and
access for distraction. The tissue was highly vascularized. Most of the sample consisted

of highly cellular loose irregular CT with very little bone (Fig. 9).
Sample 79: Rat 79 showed many areas of bone formation (primarily woven bone
interspersed with loose regular CT)throughout the sample but especially around the
periphery (Fig. 10).

Sample 643: Regular bony trabeculae are seen throughout. Prominent areas of
concentrated bone formation are seen at the periphery of the sample, with densely cellular
connective tissue and marrow cavities. Primarily intramembranous bone formation is

evident, with a localized area of chondrocytes and apparent endochondral bone formation
at one end of the sample(Fig. 11).

Sample 645: The previous investigator notes that the hone was not cut prior to
expansion. Primarily immature woven bone observed found mostly at the periphery and
ends of the sample (Fig. 12).

Sample 649: Most of the sample consisted of cellular loose irregular CT and

fibrovascular matrix. A few isolated nodules of bone were seen at the periphery and one
region of chondrocyte proliferation and possibly endochondral bone formation (Fig. 13).
Sample 78B: Early cage removal was necessary due to wound dehiscence
resulting in the cage distractor showing through tissue. This sample exhibited primarily
vascular loose CT with no visible areas of bone formation. Areas of inflammation with

neutrophil infiltration seen around the periphery (Fig. 14).

Histological Characterization: Non-Expansion
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Fig 6. Sample 76, Light micrograph (20x objective), Hematoxylin & Eosin
(H&E) stain.

(No Epi-illumination or X-ray data available for sample 76)
(A) Continuous line of bone along nearly the entire periphery of the sample.
Osteocytes (Oc) visible in bone, and Osteoblasts (arrow) along the edges of
the woven bone. (B) Newly formed woven and lamellar bone trabeculae,
interspersed with loose fibrovascular stroma. (C) Section of sample
showing woven bone (b), dense regular CT fibers forming the bulk of the
peripheral capsule (c) a layer of RBC infiltration, and CT appearing similar
in identity to elastic fibers at the outer edge (arrow). (D) Active bone

formation, cuboidal osteoblasts (Ob) lining newly formed woven bone
adjacent to an area of cellular fibrovascular stroma.

%

Fig 7. Sample 80(1) Epi-illumination digital image and x-ray of center slice
of cage 80 sides A & B (2)Epi-illumination digital image and x-ray images
of adjoining sides(1 & 2)of cage 80: Minimal amount of bone on one corner
ofthe cage and none evident within the cage.(3A-3D)Light micrographs at
lOx(A,B,C)and(D)20x, H&E stain: (3A)Nodules of immature bone(b)

among loose CT.(3B)Loose cellular CT typical of sample and an isolated
nodule of bone(3C) Area of concentrated bone formation at periphery,
surrounding a bone marrow cavity.(3D) Osteocytes within newly formed
bone. A layer of osteoblasts(Ob) at the periphery of the bone nodule are flat
and do not appear active (20x).
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Fig 8. Sample 647(1)Epi-illumination digital image and x-ray of center slice
of cage 647 sides A & B (2)Epi-illumination digital image and x-ray images
of adjoining sides(1 & 2) of cage 647: Bone(pink) evident especially on one
side ofthe cage along the exterior. Bone also evident on the interior of
opposing side ofthe cage but in much smaller quantities. No bone on the
interior ofthe cage. (3A-3D)Light micrographs (20x), H&E:(3-A)foci of
IM osteogenesis with central blood vessel, surrounded by loose CT. Adjacent
foci of active bone formation with osteoblasts laying down bone. Reversal
lines (rl) evident indicating remodeling activity. (3-B) RBC infiltration at
periphery; extravasation of RBCs evident in many areas of sample (3-C)
Typical pattern of bone formation for this sample, the trabeculae appear more
mature, long parallel striations of bone, interspersed with loose CT,RBC and
adipose cells. (3-D) One end of the sample with a view of the dense regular
CT capsule and interspersed BV,cortical bone found mostly around the
periphery of the sample, and marrow cavities with RBC and adipose cells.

Histological Characterization: Expansion Samples
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Fig 9. Sample 78B. (1)Epi-illumination digital image and x-ray of center
slice of cage 78B sides A & B. (2) Epi-illumination digital image and x-ray
images of adjoining sides(1 & 2)of cage 78B: The center slice (1) had to be
pieced togetherfor analysis. Scattered areas of bone werefound, however
some bone may have been lost due to the non-cohesive nature of this sample.
The radiographs also show no visible areas ofincreased density, confirming
the dearth ofnew boneformation. (3A-3C)Light micrographs at 20x, and
40x(3D)H&E. No bone was evident on any of the sections; cellular loose
irregular CT with fibroblasts, RBC and numerous BV throughout the tissue
was typical for this sample (3A,3B). Inflammatory cells were seen along the
periphery of the sample (3C). Basophilic multi-nucleated neutrophils can be
visualized(3D) at 40x.
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Fig 10. Sample 79(I)Epi-illumination digital image and x-ray of center
slice of cage 79 sides A & B. (2)Epi-illumination digital image and x-ray
images of adjoining sides(1 & 2)of cage 79: The majority of novel bone is
found along the edges(length & width-wise) ofthe side ofthe cage adjacent
to the muscle. Scattered nodules of bone alsofound within the cage and
especially between the distraction cages, as seen in one side slice (2) Bone

formation best visualized in these side slices. (3A-3D) Light micrographs at
20x, H&E stain.(3A) Active intramembranous ossification. Cuboidal

osteoblasts(Ob)lining woven bone trabeculae adjacent to fibrovascular
stroma. (3B) Large multinucleated Osteoclasts(Oc) actively resorbing
bone showing that remodeling is occurring. (3C) Lamellar bone showing
reversal lines (rl), osteocytes(Oc)in their lacunae, surrounding cancellous
marrow cavity with adipose cells.(3D)Bone re-modeling: an osteoclast
(Oc)resorbing bone on one end and osteoblasts(Ob)forming bone on the
opposing wall.

Fig 11. Sample 643(1)Epi-illumination digital image and x-ray of center slice of cage
543 sides A & B. (2) Epi-illumination digital image and x-ray images of adjoining sides
[1 & 2) of cage 643; A large amount of boneformed along the periphery ofthe cage on
one side adjacent to muscle (length and widthwise). Also dense boneformation is visible
between the distraction cages on one side slice; the presence ofdense osteogenesis here
confirmed by radiograph (2). (3A, 3C-3E)Light micrographs at 40x,(3B)at 20x,(3F) at
lOx, H&E stain(3A)Chondrocytes surrounded by mineralized matrix; the traditional
zones of the endochondral ossification pathway are not seen here. (3B)This image is
taken from the periphery of the sample where a large area of chondrocytes was found.
Here the zones are more evident with the Zone of cell proliferation(ZP), the zone of cell
maturation and hypertrophy(ZH)and the Zone of calcifying cartilage (ZC). (3C)A
large area of cartilage and chondrocytes found at one end of the sample simulating the
appearance of the end of a long bone. (3D)At the peripheral end of the sample: an area
of endochondral bone formation, similar in appearance to the zone of calcifying cartilage;
osteoblasts(Ob)are evident forming bone along the trabeculae of calcifying cartilage.
;;3E, 3F) Other areas of the same sample comprised mostly ofIM bone formation in
patterns similar to(3F)interspersed with loose CT. (3E)Areas of more mature
trabeculae found primarily along the periphery comprised of cortical bone with
:;ancellous cavities consisting of adipose cells, RBC,loose CT. Reversal lines (rl) also
observed indicating remodeling activity.
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Fig 12. Sample 645(1)Epi-illumination digital image and x-ray of center slice of cage
545 sides A & B. (2) Epi-illumination digital image and x-ray images of adjoining sides
4 & 2) of cage 645: Bone was not as dense in this sample and wasformed in more
'rregular, scattered areas. Again, the majority of boneformed along one side ofthe
iistraction cages and here it wasfound primarily around the periphery ofthe cage
adjacent to the metal struts. Some boneformation also between the distraction cages but
lot as much nor as regular, as seen in the previous distraction samples. (3A-3D)Light
nicrographs at 20x, H&E stain.(3A) A nodule of bone undergoing active
ntramembranous(IM)osteogenesis, as evidenced by the cuboidal osteoblasts(Ob)lining
;he edges of the novel bone. Osteocytes(Oc)can be seen surrounded by bone matrix.
SJo osteoclasts visible. Loose connective tissue(CT)surrounds the bone. (3B)irregular
Dattems of woven and maturing lamellar bone trabeculae interspersed with loose
'ibrovascular stroma at the periphery of the cage surrounded by a CT capsule. Reversal
ines (rl) visible within newly formed bone; observe scalloping of the line where
■emodeling occurred (3C) A typical pattern of bone formation found throughout the
sample. (3D) Areas of RBC infiltrate around the periphery of the sample.
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13. Sample 649(1)Epi-illumination digital image and x-ray of center slice of cage
349 sides A & B. (2)Epi-illumination digital image and x-ray images of adjoining sides
1 & 2)of cage 649: Boneformed primarily at outer sides (width-wise) rather than
engthwise along the muscle as seen in previous distraction rats. Scattered small nodules
yfbone along interior ofsample. Radiograph ofside slice (2)shows a rather dense area
jf boneformation in the center between the distraction cages that was not evident during
mr epi-illumination analysis- this was due to thefact that we only documented bone
iisplaying surface calcification due to the nature ofanalysis, and the bone seen in this
■adiograph was likely deeper within the tissue. (3A-3F) Light micrographs (20x for
}A,B,C,E,F and lOx for 3D), H&E stain. (3A) An isolated area of chondrocytes (Ch)
>een at one end at the periphery of the sample. Chondrocytes in haphazard zones adjacent
o mineralized matrix on one end and fibrovascular stroma on the other. Traditional

ranes of endochondral bone formation are not evident and do not seem to be a

Drerequisite to bone formation. (3B) Similar in appearance to the zone of calcifying
cartilage with osteoblasts (Ob) lining the mineralizing matrix, surrounded by
'ibrovascular stroma. (3C) Localized area of IM ossification, osteocytes (Oc) evident in
3one and lined by inactive osteoblasts (Ob), surrounded by loose irregular CT typical of
his sample. (3D) lOx magnification showing the area of chondrocytes (Ch) at the
periphery of the sample, surrounded by mineralized matrix, and dense vascularized
:apsular CT (3E). (3F) Inflammatory cell infiltration at the periphery of the sample; this
vas seen in multiple areas of the sample.
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Fig 14. Sample 78 A. As this rat(.1 mg/ml rhBMP-2) did not receive the
same dosage of rhBMP-2 as the other rats (.3 mg/ml)it was not included in
our experimental group and is included here for observation only. (1)Epiillumination digital image and x-ray of center slice of cage 78A sides A &
B. (2)Epi-illumination digital image and x-ray images of adjoining sides(1
& 2) of cage 78A: Very little bone evident along the inside ofone edge of
the cage (lengthwise); boneformed in small localized nodules.
(3A-3B) Light micrographs(20x), H&E: ('3A) woven bone trabeculae
interspersed with adipose cells and RBC. (3B)Areas of dense RBC
infiltration all along periphery of sample.

CHAPTER FOUR

DISCUSSION

The initial goal ofthis project was to demonstrate the possibility that patients can
be their own autogenous bone bank, and despite the small sample size this study suggests
that it is feasible to stimulate ectopic bone formation and encourage sustained
osteogenesis using distraction osteogenesis. The possibility offorming autogenous bone
without harvesting from a distant site in the body, offers an ideal resolution in cleft palate
repair, reconstructive surgery for infection, cancer, trauma, orthopedic surgery, as well as
to enhance cortical bone in areas of implant or temporary anchorage device placement.
This study was valuable in that it provided further insight into the necessary
modifications on cage/distracter design, improved experimental conditions as well as
offered further information on the localization and qualitative characterization ofthe
novel bone.

Localization of Novel Bone

In our study, bone was formed primarily around the periphery ofthe cage and

along the base of the distracted cages adjacent to the moving trapezius muscle to which
the cage was sutured. As the previous investigator. Dr. Stacy Fenderson has already

stated, this observation reflects the principle of the piezoelectric effect.^ Other research
has shown that the changes in electrical fields at bone surfaces primarily originate in the

muscle. It was shown that the local factors generated by the bone strain are over-ridden

by the electrieal fields in the musele.

In our study it was observed by gross examination

upon extraetion ofthe eage that most ofthe bone was formed along the surface ofthe

cage in contact with the trapezius muscle.^ Thus this proximity could have influeneed the
location and density of bone formation. The micro-CT image of the non-expansion (Fig.

1)and expansion rats (Fig. 2)confirm the previously stated orientation for the cages invivo: longitudinal- sagittal for both the expansion and non-expansion rats. The
orientation ofthe cage within the rat was consistent for all our samples within eaeh
subset. The orientation ofthe cage was such that of the distraction screw was adjaeent to
the outer skin, while the circular attachments of the distraction unit(Fig. 2) were on the
opposing wall ofthe cage adjacent to the trapezius muscle. From our plain radiography
images it is evident that in the expansion rats the majority ofthe novel bone growth
occurred on the periphery, adjacent to the trapezius muscle.
In addition, we observed an inereased osteogenesis and bone density around the
periphery ofthe metal eage and around the metal struts ofthe eages. Thus we speculate

that by increasing the available surfaee area adjaeent to the source of cells, vasculature

and amormt of growth factor administered (along with added stimulation from frietion of
the muscle & distraetion screw) we can achieve optimal rapid osteogenesis. In addition,

as eited by the previous investigator, another possible explanation for the loeation of bone
formation is the influence of geometry ofthe cell on control of cell growth. Previous
studies show that the major differenee between inhibited cells and their proliferating
coimterparts is their shape. While suspended cells are round in shape, those attaehed to a

surface (plastic, glass, steel or possibility titanium) are flat and spread out. Inhibition of

growth in the spheroid state is eharacteristic of the majority of normal(untransformed)
fibroblasts and epithelial cells. The "flat" configuration is an endogenous signal that

allows the cell to proliferate.^^ Thus in our study the proximity ofthe cells to a flat
surface, namely the titanium cage, may have influenced the formation ofthe majority of
the novel bone along the periphery and edges, adjacent to the metal struts ofthe cage. In
addition the trapezius muscle to which the cage was sutured offers a source of
vasculature, cells and nourishment to encourage osteogenesis at this juncture and has the
advantage of proximity to the growth factor.

Characterization of Novel Bone & the Mechanism of Induced Osteogenesis
Aside from the localization of bone, we were interested in the formation and

characterization of the novel bone formed by BMP-induced ectopic osteogenesis and how

it compares to endogenous bone. While we observed primarily what appears to be
intramembranously formed bone, there was also evidence of chondrocytes and various
stages of endochondral and transchondroid bone formation in localized areas of a few

samples. The proposed molecular pathways and effects of BMP-2 induced ectopic bone
formation will first be discussed, followed by a section on the added effects and

implications of distraction osteogenesis on bone .
It was initially thought that the mechanism for rhBMP-2 induced ectopic

osteogenesis involved the induction of immature mesenchymal cells into cartilage which
was then replaced by bone through the traditional endochondral pathway to eventually

undergo remodeling to form mature bone with hematopoietic marrow. Subsequent
studies by Sasano et al. in 1993 revealed that BMP combined with a collagen membrane.

tends to induce direct bone formation without chondrogenesis and termed the cartilage

matrix 'chondroid tissue' due to the co expression of type I and type II collagen.'^
Hattorie et al. in 1993 noted that BMP enclosed within a gelatin capsule induced the
formation of ectopic chondroid tissue and proposed that surviving hypertrophic

chondrocytes transform into osteocyte-like cells, and produce type I collagen.''* A
subsequent study by Nagatsuke et al. in 1997 detected the expression of osteopontin and
osteocalcin in a rhBMP-2 induced model and proposed that chondrocyte-like cells in the

chondroid matrix act similarly to osteoblasts.'^ Kawakami et al. in 2001 demonstrated
that BMP-induced chondrocyte-like cells may possess osteogenic cell phenotypes due to

the expression of both type I and II collagen, osteocalcin and osteopontin mRNA.'^ In
2002, Nakagawa et al. investigated the characteristics of ectopic chondroid/bone matrix
and chondrogenic/osteogenic cells induced by rhBMP-2. The results ofthe study suggest

that fibroblast-like cells invading the pellet differentiate into chondrocytes and form
chondroid matrix under the scaffold of the carrier component. It appears that some
chondrocytes change their phenotype to produce the bone-like matrix and remain within
the endochondral bone. This process enables rapid osteogenesis to occur. Thus they

propose that the pathway ofBMP-2 induced osteogenesis is a novel one as it progresses

rapidly over a 3-4 week period contrary to endogenous bone formation.'^ In their study,
rhBMP-2 combined with atelocollagen (atelocollagen type I collagen carrier) was

implanted into calf muscles of rats and removed on days 7, 10, 14, 21, or 28. On day 7
numerous fibroblast-like cells with ALP activity were found on the pellet rim. On day

ID, chondroid matrix(CM)formed, containing both type I collagen and proteoglycans.
On day 14, bone-like matrix formed around the hypertrophic chondrocytes

simultaneously with endochondral ossification. Co-expression of types I and II collagen
with chondrocytes and osteocytes was observed throughout the time course ofthe

experiment.'^ They state that this co expression has been reported during the
endochondral ossification process of ectopic osteoinduction by BMPs regardless of which

BMPs and carriers are used.'^'"*''^ Thus Nakagawa et al. proposed that the fibroblast-like
cells invading the pellet differentiate into chondrocytes and form CM (a kind of
fibrocartilage) under the scaffold ofthe carrier and that some chondrocytes change their
phenotype to produce the bone-like matrix and then remain within the endochondral

bone, thus allowing rapid osteogenesis to occur.''' We also found many areas of dense
fibrovascular matrix interspersed between the newly formed trabeculae of woven bone,

along with highly cellular and vascularized CT providing an ideal environment for this
altered pathway ofrapid osteogenesis.
As previously stated we observed focal areas of hypertrophic chondrocytes
surrounded by bone-like matrix simultaneously with endochondral ossification (Fig
11,13). These areas generally did not show the traditional zones of endochondral

ossification, specifically the zone of cartilage degeneration, which follows the zone of
proliferating cartilage and traditionally precedes the area of osteogenesis and
calcification. This could be explained by the proposal by Nakagawa et al. that the

chondrocytes upon changing phenotype to produce bone-like matrix, remain within the

endochondral bone without undergoing degeneration.'

Characterization of Novel Bone & the Effects of Distraction Osteogenesis
The novel and unique aspect of our study was the added effect of distraction upon
the rhBMP-2 induced ectopic bone. Many studies have also studied the effects of
distraction osteogenesis on bone formation, although these studies have been focused on
the distraction of endogenous (rather than ectopic bone) as previously stated. Zheng et al.
in 2006 found that although the bone formed during distraction osteogenesis was
predominately formed by membranous ossification (as we also observed in our own
study), endochondral bone formation was also observed. Similar to what we found,
focal regions of chondrocytes were also seen surrounded by a mineralized matrix, which
Zheng et al. had identified as the third category of bone healing called transchondroid
boneformation, as originally observed in a previous study by Yasui et al. Their study
proposed that transchondroid bone formation occurs during both intramembranous and

endochondral ossification associated with distraction osteogenesis.^^ Zheng et al. go on to
state that the presence of the cartilage may be due to the decreased oxygen tension and

transformed directly into bone rather than going through the typical pathway of
endochondral ossification.'^
It is difficult to conceive how the cartilage matrix is transformed directly into
bone based on the traditional pathway of osteogenesis. The basic biochemical make-up

of cartilage vs. bone is inherently different as collagen type II is found in hyaline
cartilage whereas collagen type I is predominately found in bone. Traditionally, cartilage
matrix must first be removed prior to bone formation. Thus as previous investigators
have speculated, it seems that what we observe here cannot be based on the traditional

endochondral pathway of bone formation but rather an altered pathway of bone formation
wherein the cartilage matrix has somehow provided a favorable framework for direct

surface bone apposition for the purpose ofrapid osteogenesis. Many studies have
investigated inductive ectopic osteogenesis and have suggested that although from
different cell lineages, the tramdifferentiation of chondrocytes into osteocytes can occur
under certain conditions. Nakagawa et al. state that this altered mechanism of
osteogenesis during which chondrocyte transdifferentiation may occur, could be due to

environmental changes as well as the necessity of rapid osteogenesis based on

physiologic requirement.'^ However future studies are still indicated to determine
whether transchondroid bone formation is indeed occurring.
It is uncertain why only two of our samples showed evidence of chondrocytes and
various stages of endochondral or transchondroid osteogenesis. A study by Stewart et al.
in 1998 found small foci of endochondral ossification in rabbits four weeks after the

completion of distraction^® and a separate study by Komuro et al. in 1994found that
formation of cartilage was evident in the early stages of consolidation but disappeared

within four weeks.^' In our study, we found evidence of cartilage in two of our rats(643,
645), each of which retained the cage for 26 days, which is right before the period of time
that Komuro et al. found that the cartilage disappeared. Zheng et al. found a small foci of
chondrocytes embedded in mineralized matrix in one case in a non-rhBMP-2 treated

group, indicating that the transchondral pathway of bone healing can occur during
mandibular distraction osteogenesis in rabbits and isn't simply due to the presence of
rhBMP-2.'®

The Stability of Novel Bone with Time

While it is known that bone morphogenetic protein-2(BMP-2)is active in the

formation and regeneration of bone and cartilage, it is also active in a variety of other
functions, such as in organogenesis and apoptosis; thus the question of control and

localization of induced osteogenesis is raised. In addition, an important point to address
is that ofthe long-term stability ofthe novel bone. In a study by Saito et al. in 2004, a
novel synthetic peptide corresponding to residues 73-92 ofBMP-2 was developed and
covalently linked to an alginate gel matrix to enable the sustained presence of peptide in a
localized area. The results of the study show that the peptide-conjugated alginate gel
demonstrated prolonged ectopic calcification for up to 7 weeks in rat calf muscle while

the rhBMP-2-impregnated collagen gel showed maximum ectopic calcification at just 3
weeks, tapering off after 5 weeks. They concluded that the 73-92 peptide on alginate gel
remains active at the implanted site, continuously inducing differentiation of osteoblast

precursor cells into osteoblasts and thus promoting ectopic calcification. In contrast they
found that an rhBMP-2 impregnated collagen gel showed maximum ectopic calcification

at 3 weeks and that the calcified products that had formed disappeared after 5 weeks.^^ In
our study we found that in the limited control rat group receiving rhBMP-2 without
distraction, the bone was maintained past this time point of5 weeks and was found in one
of our control rats(80)to remain up to 49 days). While only two of our rats were

extended to a time period of49 days, it is interesting to note that while bone remained in
both samples at the end of49 days, the rat undergoing distraction(79) had much more
bone(BVF=I7.59)than the control rat(80) without distraction (BVF=I.77). Along these
lines, these are the only two rats to offer substantial data with regards to the comparative

superiority of distraction osteogenesis upon induced ectopic bone, and future studies with
a similar prolonged time frame are needed to determine and compare the stability ofthis
novel bone with time.

In addition as the Saito study demonstrates, novel synthetic forms of BMPs with
increased osteogenic potential and localization, offer interesting therapeutic alternatives
to both maximize and maintain ectopic calcification/osteogenesis even without the use of
distraction osteogenesis. From our BVF data(Fig. 2 & Table 3) we can speculate that the
expansion samples show a general pattern of increased bone formation with time.

However, sample 643 had disproportionately more bone than any other sample and
sample 78A (pilot study) showed a much lower BVF which was likely due to the lowered
concentration of rhBMP-2(0.1 mg/ml)that was administered (Table 1).

It would be interesting to see in subsequent studies the pattern of bone formation
and/or resorption that results in the non-expansion vs. expansion samples as a function of
time. No direct relationship can be established regarding the bone volume fraction and
the time period for which the cage was left in each rat. However it can be speculated that
in the non-expansion rats the bone begins to resorb with time in the absence of
stimulation from distraction, while in the expansion rats there is a steady rise in BVF due
to the consistent application offorce to the sample (Fig. 5). Further investigation is
indicated.

The Effects of Dosage

In addition the relevant question ofthe dosage of rhBMP-2 administered has been
discussed in previous literature. For our purposes, the dosage was set at 2.0 ml of0.3
mg/ml rhBMP-2 based on pilot studies conducted by Dr. Stacy Fenderson. Previous

studies have shown that the amount of bone induced by BMPs is dose dependent and that
the volume of bone reaches a plateau within a range of effective doses. Studies have
shown that the local concentration ofrhBMP-2 was more relevant than the total dose.^^

For the purposes of our study, only the total dose that the collagen sponge was soaked in
was considered and no further doses were administered for the duration ofthe

experiment. Zheng et al. stated that the formation and remodeling of bone in distraction
osteogenesis was significantly increased by the addition ofrhBMP-2 and that the timing
of injections ofrhBMP-2 had no significant influence on bone formation, suggesting that
a single injection of sufficient dose ofrhBMP-2 was comparable to multiple timed
injections.18 For our purposes we used a collagen carrier matrix to implant into an
expansion cage at the start ofthe experiment, while Zheng et al. opted to deliver the
rhBMP-2 directly to the distracted area by percutaneous injection without a matrix.
Previous studies have shown that the purpose ofthe matrix is to retain the BMP at the
specific site of implantation and to control its release to the tissues. Zheng et al. however
countered that there are no biological indications for matrix use since if sufficient BMP is
applied, bone forms regardless of whether or not a matrix exists, as the distracted area is
already rich in osteoprogenitor cells.

Whether or not distraction osteogenesis will provide a more sustained and
statistically significant increase in ectopically formed bone is still a question that remains.

While previous studies show that distraction of endogenous bone does induce enhanced
formation and remodeling of bone, whether or not this also applies to novel ectopic bone
is yet uncertain. While previous studies involve the distraction of existing endogenous
bone rather than induced novel bone, there are still many similarities. In a study by

Rachmiel et al. in 2004, alveolar ridge augmentation was done on sheep using distraction

osteogenesis in conjunction with BMP-2 followed by implant placement at the site. The
average amount of distraction was 12 mm, which was maintained for 12 weeks. The

titanium cylindrical implants were then placed in the newly augmented bone. The
histological study demonstrated that DO in conjunction with BMP-2 treatment resulted in

increased trabecular bone size and volume.^^ In a study by Boyne and Herford in 2006,
distraction osteogenesis in conjunction with BMP-2 was used on the posterior alveolar
ridges of Macacafascicularis monkeys. One side of the alveolar ridge served as a base
line without the use of BMP,and the other was injected with a BMP cytokine into the
distracted area using a collagen carrier. After 8 weeks the two sides were compared and
accelerated bone healing was demonstrated on the side with BMP-2. This study also
shows that the combination of distraction osteogenesis and BMP-2 can produce
maximum bone enhancement ofthe distracted segments.
The ability to augment existing bone without the need for bone grafts is an
exciting future treatment modality. One of the major noted disadvantages of distraction
osteogenesis treatment is the long period of treatment required along with the possible
complications of soft tissue and bone infection. Thus the ability to expedite this process
would greatly enhance the quality of care for both the patient and doctors involved. The

ability to form this bone ectopically with rhBMP-2 and further induce the novel bone

with distraction would potentially create a successful method of hard tissue engineering
and would be less invasive for cases requiring a bone donor site.

Future Directions & Clinical Applications

Future directions of this project could test the length of time that the ectopic bone
remains without resorption to test the stability of this ectopically formed bone in a
recipient site. Thus it would be necessary to observe the rats for an increased and
consistent time period past our average end point of 32 days. Previous studies for
distraction osteogenesis of endogenous bone had an average time in-situ of28 days prior
to surgical removal and analysis. In our case as we needed to first form the ectopic bone

prior to sectioning, healing and subsequent distraction osteogenesis of the callus, it was
necessary to increase the time period prior to removal of the cage. Along these lines
further studies should also demonstrate whether this ectopic bone could be successfully
transplanted to critical areas for repair.
In conjunction with the administration ofBMPs,the addition of other bone
growth factors such as TGF-a or Nell-1 would also be interesting to observe. In a study
by Cowan et al. in 2005, rat organ cultures were stimulated with Nell-1 or BMP-7 for 8

days in vitro to accelerate bone formation in acutely distracted palatal sutures. They
found that both BMP-7 and Nell-1 produced significantly more bone and cartilage
however while BMP-7 induced both chondrocyte proliferation and differentiation, Nell-1
accelerated chondrocyte hypertrophy and endochondral hone formation. This suggests

distinctly different mechanisms that produce similar results and shows an apparent
synergistic effect oftwo proteins in promoting bone growth through different molecular
pathways.

This demonstrates the potential for increased efficiency and quantity of bone

growth through the combination of different inductive proteins.

There is a vast amount of literature addressing the use of bone morphogenic
protein(BMP)in osteo-inductive studies in various animal models. The use of

distraction osteogenesis in conjunction with this growth protein therapy on ectopic bone
has the potential to further accelerate bone formation while maintaining bone quality and
quantity with time. Upon review ofthe available literature it is clear that while great
advances have been made in the field of osteogenic therapy using growth hormones and

distraction osteogenesis, there is still much research needed to clarify and identify the
many variables contributing to the development ofan optimal system of growth protein

delivery in an in-vivo model with an aim towards future clinical applications. Maxillary
bone deficiencies, such as cleft palate and underdeveloped maxilla requiring a bone graft
or bony regeneration after orthopedic or surgical expansion, pose a significant
biochemical burden. Osteo-inductive therapy would potentially benefit patients with
craniofacial and developmental anomalies and provide a valuable adjunctive treatment

modality for surgical, periodontal and orthodontic cases of bony deficiency by expediting
bone formation/remodeling and providing long-term stability ofthis novel bone.

CHAPTER FIVE
CONCLUSIONS

1. As demonstrated from the previous study: a concentration of0.3 mg/mL rhBMP-2 is
recommended to form bone in a rat model at a dose of 1.4 cc-2.Icc. Bone continued

to form between 21-28 days in both the expansion and non-expansion cages.
2. For all models, most of the bone was formed adjacent to the titanium cage and along
the periphery ofthe cage especially adjacent to the moving muscle and especially in
expansion rats. This was also the densest bone found. In the distraction rats, bone

also formed along the base ofthe cage in the distraction portion and in the center
between the distraction cages (especially in rats 643,645 and some in 649). Overall
however the peripheral bone appeared greater in quantity and density even in the
distraction models.

3. Histology reveals that the novel bone is primarily intramembranous in origin and
initially formed in irregular trabeculae of woven bone interspersed with fibrovascular
matrix and loose CT. More mature bone was found along the periphery ofthe cage as

evidenced by signs of bone remodeling and marrow cavities. Focal areas of

hypertrophic chondrocytes and evidence of stages of endochondral/tra«5C^o«(ira/
bone formation were found in two ofthe samples(643, 649). Both ofthese samples
retained their cages for a period of 26 days and underwent distraction. In the samples
undergoing expansion, the added physiological stress and decreased oxygen could

have further induced alternate pathways of bone formation such as transchondral
bone formation, expediting the process ofremodeling and maturation.
4. The results ofthis study were not statistically significant due to insufficient sample
size and great variability. Future studies should both increase sample size and
maintain consistency between the sample sets. However the possibility that
distraction results in enhanced ectopic bone formation and stability with time remains
and further investigation is needed.

5. The time period for which the cage was left in each rat was insufficient and variable.
As a result, the inconsistencies between the sample sets made comparisons difficult.
The diminished time period may help account for the lowered densities of bone found

in our samples. It is relevant to note that ofthe two rats, which underwent cage
removal at 49 days, we observed a comparatively larger BVF in the expansion vs.
non-expansion rat(Fig.18). A follow-up pilot study should include an increased time
period of around 49 days to determine both the point at which optimal bone formation

occurs as well as a quantitative measure of resorption as a function oftime in
expansion vs. non-expansion rats.
6. Future studies should utilize an improved distraction cage design, eonstructed fi-om a
different material to omit the scatter effects of the titanium for Micro-CT analysis as

well as to avoid the obstacles presented by the titanium in histological proeessing. In

addition, as the majority ofthe bone was adjacent to the underlying muscle and along
the edge ofthe cage, a flatter cage design with an increased surface area along the
muscle surface would potentially optimize induced ectopic osteogenesis in a live
model.
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